This paper presents the development of a decision support system (DSS) for flood warning and instantiation of restoration activities in two urban areas, the Liguria Region in Italy and the Greater Athens catchment in Greece, with the potential of extension to other locations with similar flooding problems. The tool is designed to work at the centre of a set of meteorological and hydrologic/hydraulic forecast models together with telemetric data acquisition networks. The study reveals the complexity and uncertainty involved in managing flooding in the study areas. Issues about the validity and extended benefits of the system are also discussed.
INTRODUCTION
Many regions experience severe flooding from natural causes. The problem is particularly pronounced in areas of steep, complex orography where there can be a rapid buildup of storm conditions. In past decades the severity and rapidity of flooding has increased in mountainous areas of Southern Europe bordering the Mediterranean due to urbanisation, causing higher runoff rates and more rapid catchment responses. Flood forecasting and real time monitoring have been found necessary to take reactive measures such as issuing flood warnings, planning emergency activities and initiating restoration.
A report by the European Environment Agency (2001) indicated that floods are the most common cause of natural disaster in Europe. According to the report, there were 157 major floods during the period 1971-1995, and in 1996 alone there were 9 such events. The cost of damages in the period 1991-1995 was estimated as ECU 99 billion. Due to the severity of the problem the European Commission has sponsored several flood-related projects (see, for example, Catelli et al. 1998) . Therefore, whether or not structural intervention is in place, the presence of a system that can assist public protection authorities in making flood forecasts sufficiently in advance to achieve a complete and orderly evacuation, and provide guidance in instantiating restoration activities, is important. The costs for development and implementation of a DSS for flood warning and restoration are far less than the damages reported for the more severe flood events or the costs for developing adequate flood defence structures.
A DSS for flood management essentially makes use of one or more models to make forecasts and a telemetry system for data acquisition. The choice of models depends on factors such as the hydro-meteorological characteristics of the area, the desired level of accuracy, the intended forecast time and the cause of flooding. For floods due mainly to excess flow in rivers, a routing model using upstream data may be used, or even more accurate forecasts can be made by tracing the depth contours using a series of stage gauges (see, for example, Laushey and Huang 2001) . When the travel time of the flood peak gets shorter and the main cause of flooding is local precipitation, the latest observed precipitation could be used along with a runoff model. However, the use of observed precipitation data might not ensure adequate forecast time. In that case precipitation forecasting may be required.
Generally, forecast accuracy decreases as the forecast horizon increases. Even in using forecasted precipitation, different forecasting methods trade-off forecast accuracy with lead time.
STUDY AREAS
The development of the system was targeted at the Liguria Region in Italy and the Athens area in Greece. Parts of both areas have been severely flooded several times in the past 20 years. The Athens area is part of one large catchment of 430 km 2 , whereas the Liguria Region consists of several small catchments, the largest of which, Entella, has an area of 370 km 2 . The two application areas share similar topographical and meteorological characteristics.
Both include urban areas situated on the coast and are prone to flash flooding by runoff from mountainous areas.
Flooding is a major threat in both areas since: (1) both areas consist of upper catchments with steep slopes, (2) the distances between the mountains and the sea are short and (3) urbanisation and high population density is concentrated in the lower parts of the catchments, which experience the cumulated effects of the runoff.
Flooding occurs within a few hours of the occurrence of heavy precipitation, which is often too short a time to take preparatory measures. Hence, it is inadequate to issue flood warnings based on hydrological simulations from monitored precipitation. Therefore it is believed that flood forecasts, and thus warnings, should largely depend on forecast precipitation. Warnings that depend largely on forecasted precipitation involve considerable uncertainty and a high likelihood of false alarms. In both cases there was insufficient documented data of past flooding episodes. Table 1 shows the recent severe flood events in the Athens area. As shown in the table, the available data are mainly qualitative, indicating only the presence of a flood or overflow of particular streams.
PRECIPITATION FORECASTING
In both areas, the response times to intense precipitation are limited to a few hours. Hemisphere with a ground resolution of 55 km grid.
Forecasts are made for the coming 72 hours on a daily (Buzzi et al. 1994) : one is nested within the other to achieve a higher resolution (Figure 1 ). The finer model has a surface resolution of 6.5 × 6.5 km.
The results from these models cannot be used directly because they still have to be interpreted by a meteorologist. This is because there is a high level of uncertainty in the results from the models due to the complexity of weather phenomena, making it impossible to localise the events either in space or in time. A meteorological synoptic analyst produces three schemes of forecasts: 
HYDROLOGY AND HYDRAULICS
The DSS is designed in such a way that it can work with any flow-modelling system only with the help of a postprocessor that can transfer the data in the right format.
The operational flow-modelling system used for the current study areas consists of a detailed conceptual rainfall-runoff model and an associated hydraulic model In operational settings the model has to work with forecasted precipitation. The resolution of the precipitation forecasts of the meteorological models discussed above does not satisfy the data needs of the hydrological/ hydraulic model used for the purpose of the DSS. The temporal resolution of the precipitation forecast is particularly low. A study by Michaud & Sorooshian (1994) highlights the relative importance of the rainfall sampling time interval compared with the density of sampling locations. As a result, it became necessary to carry out model simulations for all the scenarios generated from the meteorological forecasts and to determine the worst case scenario. however, it can be used as an estimate of the worst damage that can happen as a result of any of the scenarios. Figure   2 shows an illustration of how worst case scenarios are identified. The figure is not the result of an actual simulation. In reality, the meteorological forecasts result in far more scenarios than those shown in the figure.
THE DECISION SUPPORT SYSTEM
There are various definitions of what a DSS is. A broad definition is that a DSS is a system that assists a decisionmaker or a relatively small group of decision-makers to make a decision regarding a problem by the use of readily available resources. In recent decades, the advances in computing technology, geographic information systems and the Internet have given multiple dimensions to the development and application of DSSs. Simon (1977) views the functional aspect of a DSS in four phases. Accordingly a DSS provides intelligence which refers to the gathering of data and information, design of multiple solution options to resolve the problem, a choice of the alternative that seems to best resolve the problem and a review of whether the selected option is appropriate. These principles have been followed in the design and implementation of the TELFLEUR DSS.
DSS outline
The TELEFLEUR DSS is designed to work at the centre of other essential components such as the hydrometeorological forecast models, the telematic network and relational databases. Figure 3 shows the operational link between the DSS and these components. The DSS is loosely coupled to the other components. Since the response time of both study areas is limited to few hours, the main trigger for initiating the activities involved in flood warning is the severity of the meteorological forecast. If the DSS is to be applied in catchments with a slow response, precipitation and upstream water level data obtained from telemetry and the outputs of hydrologic/ hydraulic forecasts may serve as triggers to further activities. As discussed in Abebe & Price (2001) , these consist of a warning system, a restoration system and GIS, database 
Supplementary modules
The GIS module is used to visualise the relative location of the watercourses, roads, emergency aid locations, escape routes, etc., depending on the availability of digital maps containing this relevant information. The database module is used internally by the warning system for archiving day-to-day decisions of the DSS into a standard database. Date-indexed records on past DSS activities can be easily accessed and interrogated using the calendar and standard query language (SQL) interfaces of the module. Also it has a provision to store observed flood events as judged by experts into the database. This is important for a later analysis of the past records for evaluation of the performance leading to the possible upgrade of models and decision parameters. This helps to store post-event expert evaluations of flood degrees into a database.
Flood degree thresholds
Krzysztofowicz ( The conversion from water levels (and currents) to flood degrees, which is basically a conversion from numbers to words, is not just a technical problem. In fact, care has to be taken to ensure that flood degrees generated by the DSS take into consideration the meaning the words bear in the particular language where it is to be applied. This is important not only for decision-makers but also for other interested parties such as the media and public in case warnings are issued.
Multiple thresholds
TELEFLEUR uses three threshold levels and classifies the flood degree into mild, significant and severe (see Figure 1 ). The benefit of using more than one threshold in urban flash flooding relates to the fact that different water levels can be used to mark different ranges of coverage of the flood and associated damage. This can be considered as one way of managing the uncertainty associated with the forecasts.
Dynamic thresholds
Haimes et al. (1990) proposed a threshold that depends on the fraction of people in the community who responded to the previous warning. It is dynamic since, for instance, the fraction decreases after issuing a false alarm. The idea of updating the thresholds is reasonable, especially for the first stages of the implementation of a warning system. But care has to be taken to maintain public trust in the warning system. If a flood event is not detected it does not necessarily mean that the thresholds are wrongly set; it could also result from errors in model forecasts.
Warning phase vs restoration phase
Threshold water levels are as important for the restoration system as they are for the warning system. However, the magnitude of the thresholds for the warning and restoration systems may not necessarily be the same due to at least the following four reasons: Taking all these factors into consideration TELEFLEUR has a provision to use different threshold levels for the warning and restoration systems.
Uncertainty measures
Any forecast involves uncertainty. Therefore it is important to give a measure of the uncertainty along with the forecasts. A study by Georgakakos (1986) then the probability of a SEVERE flood at location A is 20%. This is repeated for all flood degrees and all locations at which forecasted water level time series are used as a basis for warning. This, however, can be easily contested since the scenarios generated by the synoptic analyst may not include all the possibilities. That is why the envelope of all scenarios is also considered.
OPERATIONAL SEQUENCE OF MODELS AND THE DSS
The available effective forecast time mainly depends on the lead-time of the meteorological forecast. If a 72-hour in advance forecast is made by the GCM, as shown in Figure 6 , the effective flood forecast time depends on the time elapsed by all meteorological models, the time needed to make hydrologic/hydraulic forecasts and the time needed to make a decision.
The following is a proposed operational procedure for a typical operation of the DSS:
1. Generate precipitation forecasts using meteorological models, namely GCM through LAM or other forecast techniques such as radar imagery.
2. Visualise graphically the precipitation forecasts for possible extreme events (intense precipitation forecast initiates further processes).
3. Simulate using hydrologic and hydraulic models to 
CONCLUSIONS AND REMARKS
The study has shown that the problem of flood warning based on forecasts is one of great complexity and uncertainty. In urban areas, it is even more complicated for two The study indicates that most of the uncertainty in the system developed for the application areas discussed in this report seems to come from the precipitation forecast.
It is known that now-casting techniques, such as the 
